A technique is described for detecting and characterizing bacteria on a single-particle basis by mass spectrometry. The method involves generation of a particle beam of single whole cells which are rapidly volatilized and ionized in vacuum in the ion source of a quadrupole mass spectrometer. The particle beam can be generated, with minimal sample handling, from a naturally occurring aerosol or from a solution of bacteria that can be dispersed as an aerosol. The mass spectrum is generated by successively measuring the average intensities of different mass peaks. The average intensity is obtained by measuring the ion intensity distribution at the particular mass (mle) for ion pulses from more than 1,000 bacteria particles. Bacillus cereus, Bacillus subtilis, and Pseudomonas putida samples were analyzed to test the capability of the instrument for differentiating among species of bacteria. Significant ion-intensity information was produced over the mle range of 50 to 300, an improvement over previous pyrolysis-mass spectrometry results. The complex mass spectra contained a few unique peaks which could be used for the differentiation of the bacteria. A statistical analysis of the variations in peak intensities among the three bacteria provided a quantitative measure of the reproducibility of the instrument and its ability to differentiate among bacteria. The technique could lead to a new rapid method for the analysis of microorganisms and could be used for the detection of airborne pathogens on a continuous, real-time basis.
This application of particle beam mass spectrometry to characterization of bacteria is an extension of a technique we are developing for real-time analysis of the composition of aerosol particles (9, 19) . The method has been used successfully for the analysis of micrometer-sized particles made up of inorganic salts or small organic molecules including amino acids (19) .
The earliest studies for identification of bacteria by mass spectrometry involved separate steps of pyrolysis of bulk quantities (milligram) of bacterial samples, collection or separation of the volatile pyrolysis products, followed by their introduction into a mass spectrometer (MS) (17, 18) . Mass fragments were recorded for nearly all integer masses between 14 and 140 atomic mass units (amu) . The complex mass spectra permitted determination of up to 100 components but did not give structural information useful for bacterial differentiation.
A more recent design of a pyrolysis MS for characterization of complex biological material is that of Meuzelaar and co-workers (14, 16, 21) . In this instrument, bulk samples of material (>10 Kg) are pyrolyzed in a glass reaction tube by the technique of Curie-point pyrolysis. The volatilized products leak through an orifice into the MS where low-voltage electron-impact ionization and mass analysis are performed. The mass spectrum obtained with this instrument is limited to the mle range of 30 to 140. The instrument has been demonstrated to successfully differentiate among several distantly related bacteria based on the relative intensities of various masses (14) . It has also been used to study the effects of growth media on the composition of the cell wall of Bacillus subtilis (2) . Wieten et al. (21) incorporated multivariant factor analysis into the comparison of the spectra from this instrument. This permitted differentiation among a * Corresponding author. variety of closely related species from the genus Mycobacterium.
In our system, the sample is introduced to the site of volatilization (pyrolysis) and ionization as a beam of particles consisting mostly of single bacteria. The rapid volatilization of the particles by a heated rhenium filament and the proximity of the ionizing electrons extend the range of the mass spectrum above mle 140. These larger fragments contain important structural information that greatly enhances the capability for particle differentiation.
The particle beam can be generated, with minimal sample handling, from a naturally occurring aerosol or from a solution containing a nonvolatile solute that can be dispersed as an aerosol. This provides a method for volatilization and ionization of single bacteria on a continuous real-time basis, leading to a more characteristic mass spectra for microorganism differentiation. When applied to aerosol sampling, the technique would be directly useful for detecting airborne pathogens such as those associated with transmission of disease in hospitals (3), cotton mills (4) as the suspending liquid to improve the performance of the particle beam generator. This was done by washing the bacteria in a series of ethanol-water solutions of successively increasing ethanol concentration. Aggregates of cells formed during the washing and centrifugation steps were removed by filtration through a 20-p.m-mesh screen. The turbidity of the final suspensions in 100% ethanol indicated approximately 109 bacteria per ml' Particle beam generation. The generation of the bacteria particle beam involved the sequence of operations shown in the upper part of Fig. 1 . A similar experimental setup for generating nonbiological particle beams has been previously reported (9, 19) . The first step was aerosolization of the bacteria from the ethanol suspensions with a micronebulizer (model 9993; Bird Space Technology) with a nitrogen gas flow of 20 liters min-'. The static charge on the aerosol droplets was neutralized by passing them through an 85Kr charge neutralizer (model 3470; TSI Inc., St. Paul, Minn.). The solvent was evaporated by passing the aerosol through the annular region of a diffusion drier. This drier was a cylindrical tube, 0.75 m in length, containing silica gel held in an outer coaxial shell by a fine mesh screen. The dried aerosol was introduced to a sampling chamber from which a small portion was drawn off through a sampling probe for introduction to the particle beam tube; another portion was drawn off for measurement of particle concentration with an optical particle counter (model 208; Climet Instrument Co., Redland, Calif.). The remaining aerosol from the sample chamber was filtered and exhausted. The particle concentration in the sample chamber was maintained in the range of 75 to 100 particles per ml by regulation of the N2 dilution-gas flow to the nebulizer.
The particle beam was formed by passing the aerosol through a capillary nozzle and two skimmers into the vacuum chamber. The aerosol traveled down the beam tube (350 by 10.7 mm, inner diameter) and the gas expanded through the capillary nozzle (5 by 0.1 mm) into the first vacuum region. As the gas expanded through the capillary, most of it was pumped off upstream of the skimmers while the particles, having much higher inertia, tended to continue in a focused beam through the two skimmer apertures. In our earlier work with nonbiological particles (9), we found that the efficiency of particle transmission through the capillary nozzle-skimmer system depends upon nozzle-skimmer separation distance, as well as particle size (0.22 to 4.28 ,um) and density. Based in part on these results, this apparatus for use with bacteria particles was designed with the first skimmer (0.350-mm aperture) positioned 3 mm below the capillary and the second skimmer (0.500-mm aperture) positioned 12.5 mm below the first. The particle beam cross section at the filament position was determined to be 2.0 to 2.5 mm for potassium biphthalate beams of controlled particle size (1 to 4 ,um). Alignment of the beam tube components with the volatilization filament target was accomplished with an He-Ne laser beam. Mechanical vacuum pumps were used to reduce the pressure to about 10' torr and 10-2 torr (13 and 1.3 Pa) in the beam exhaust chambers and the region between the two skimmers, respectively. In the MS chamber after the second skimmer, an oil diffusion pump was used to maintain a vacuum of approximately 106 torr. Liquid nitrogen-cooled traps were installed on all pumps to reduce contamination of the system by the pump oil.
MS. Bacteria particles from the beam generator were volatilized to molecular fragments upon impact on the Vshaped rhenium filament located between the two grids of the ion source of the quadrupole MS (model 100C; Uthe Technology, Inc.). The filament cross section perpendicular to the particle beam measured 1 by 7 mm. The neutral fragments were ionized by electron bombardment in situ. Optimum performance for analysis of bacteria particles was found for a filament temperature of 730 to 740°C and an electron ionization energy of 52 eV. The ions were then focused into the quadrupole mass analyzer for their mass separation and detection. The mass range of the quadrupole was 10 to 300 mle, although background interference in the low-mass region reduced the effective operating range to 50 to 300 mle. Impaction of each bacteria particle on the hot filament and the ionization of the resulting vapor plume produced a discrete burst of ions from each particle. For each burst event, which lasted from 100 to 300 p.s, the quadrupole MS recorded a single mle intensity. Typically, the signals from 1,000 to 5,000 events, each of which corresponded to the volatilization and ionization of a single bacteria particle, were averaged to obtain the intensity at the mle setting. The electronic components which performed this signal processing are shown at the bottom of Fig. 1 . The various steps in the measurements of the average intensity at a given mass are shown schematically in Fig. 2 . These involve the integration of the charge under the ion pulse and the measurement of the resulting peak voltage on the integrator. The distribution of peak voltages from ion pulses was then measured on a pulse-height analyzer (model TN 1710; Tracor-Northern). The MS output pulse ( Fig. 2A ) was amplified and discriminated from noise by comparing it with a suitably adjusted threshold voltage level (Fig. 2B) . The rising edge of the comparator pulse was used to close the switch on the input of the integrator to integrate the amplified signal pulse. The integration was performed for a preset time interval.
The background was also integrated for the same length of time immediately after this operation and was subtractec from the stored signal. The peak voltage pulses of the integrator (proportional to the accumulated charge) were shaped (Fig. 2C) to meet the input signal requirements of the pulse-height analyzer. Each event output was recorded by the pulse-height analyzer (Fig. 2D) . We found that 1,000 to 5,000 burst events were sufficient to define an intensity distribution at a particular mie setting. A typical intensity distribution is shown in Fig. 2D 
RESULTS
Particle beam characterization. The objectives of this part of the study were to determine the efficiency of particle transmission through the particle beam generation system and to characterize the morphology of the bacteria particles at several points in the system. Particle transmission efficiency is the ratio of the number of particles which reach the filament target position to the number of particles that enter the beam tube during the same time. This efficiency was determined to be greater than 80% for nonbiological bacterium-sized particles in our earlier studies with an apparatus identical to that described here, except for the absence of the second skimmer (9) . In the present work, the second skimmer was added 12.5 mm below the first to improve the vacuum at the MS, thereby decreasing the background interference during bacteria particle analysis (20) . The transmission efficiency for bacteria particle beams was unaffected by the second skimmer. However, due to the smaller rhenium filament cross section (7 mm2) relative to the particle beam cross section (16 tTIm2), the MS analyzed only about half of the particles arriving at the filament target position for an overall filament collection efficiency of 35 to 40%.
Scanning electron micrographs of B. subtilis spores were taken from samples collected on Nuclepore filters from the suspension before aerosolization (Fig. 3A) , from the aerosol stream after the diffusion drier (Fig. 3B) , and in the particle beam on Apeizon grease-coated glass slides at the filament target position (Fig. 3C) . These micrographs verify that the bacteria samples were predominantly single spores, 20% occurring as doublets, and were free from particulate debris. Grease-coated slides had to be used for collection of particles at the filament target position in the MS chamber because the particles moved at nearly sonic velocity in the beam and bounced off nonsticky surfaces. The details are not well resolved in these micrographs from the greasecoated slides; however, the shape and size of the particles were still discernible, and they were estimated to average 0.5 by 1.5 ,um. These features suggest that the spores remain intact during beam generation and the collection process.
MS of bacteria. The MS signal from the bacteria in the beam was observed throughout the mass range of 10 to 300 amu. Several clusters of mass peaks were present below 170 amu, similar to results previously found in the pyrolysis mass spectra of bacteria samples (2, 14, (16) (17) (18) 21 When two spectra from like species are compared, perfect reproducibility means that the intensities for each pair of peaks are equal and a is unity. In practice, differences in culture growth, particle beam characteristics, volatilizationionization conditions, and spectrometer signal processing lead to nonunity values of a. When two spectra from unlike species are compared, differences in the masses of individual bacteria particles are also taken into account in the a calculation.
The degree of correspondence between the normalized sample spectrum and the reference spectrum is the average of the ratios of the minor peak intensities to the corresponding major peak intensities:
where Ai is the minor peak intensity in spectrum Ri or aSi and Bi is the respective major peak intensity in spectrum aS, or Ri. In case of perfect matching, the degree of correspondence is one. A correspondence of zero indicates that the spectra have no peaks in common. The value of C from comparing spectra of like species is a measure of reproducibility and is a characteristic of the system as a whole. The system is capable of differentiating between species if the comparison of spectra from unlike species results in a value of C which is significantly different from the characteristic value.
Two more cultures of B. cereus in addition to the spectrum shown in Fig. 4b were analyzed in our system. The spectrum of one of these three was chosen as the reference, and the degree of correspondence between this reference and each of the other sample spectra was determined. All of the mass peaks were used in the calculation for C without discriminating for their sensitivity to the intensity variations in different runs. The results of the comparison are shown as the histogram in Fig. 5 . The results for the B. cereus samples indicate that the characteristic degree of correspondence for our system is in the range of 0.70 to 0.77. Since B. subtilis has a C value of 0.70, it cannot be differentiated from B. cereus in our system. However, for P. putida, C = 0.64, indicating that this species can be differentiated from the bacillus samples. DISCUSSION The use of particle beams and the fast volatilization-ionization method for pyrolysis are the principal features which make this system different from previous applications of MS to microorganism characterization. Of the several techniques available for generating particle beams (8), we selected the capillary-skimmer design for its capability to form directed, tightly focused streams of single noninteracting particles. We are not aware of previous uses of this design to generate beams of biological materials. Our previous development work (9) involved beams of nonbiological materials which formed particles whose size and density were comparable to those of bacteria, but whose spherical shapes differed from the rodlike bacteria. In the previous studies, about 80% or more of the spherical polystyrene latex particles (less than 3 ,um in diameter) were focused to a beam diameter of 5 mm or less at the filament target position. The transmission efficiency for these particles was 80% or greater. Beams of the nonspherical bacteria particles used in the present work appeared to have comparable characteristics. An important difference between polystyrene latex and bacteria arose in aerosol generation and drying before particle beam formation. Whereas monodisperse aerosols of single polystyrene latex particles could be easily generated from aqueous suspension, similar generation techniques for bacteria from aqueous solutions resulted in a marked decrease of particle beam transmission efficiency. We suspected that the cause for this problem was due to inadequate drying of the bacteria during aerosolization. The substitution of ethanol for water as the suspending liquid corrected this difficulty, but ethanol is likely not to be a suitable choice in application to other microorganisms. A modified diffusion drier will be used in future work to eliminate the need for ethanol.
All previous applications of MS to microorganism identification have involved some form of bulk sample pyrolysis. The most developed of these is one which uses Curie-point pyrolysis of =10-,ug-bulk bacterial samples (14, 16, 21) . In this technique, the sample is placed on a ferromagnetic wire positioned in a low-vacuum chamber. The wire is heated by high-frequency induction to the Curie temperature within 100 ms. Volatile pyrolysis products diffuse to the high-vacuum region of the quadrupole MS where they are ionized by low-energy (15-eV) electron impaction. A spectrum is accumulated over approximately 10 s, the time the sample pyrolyzates remain available. Boon et al. (2) used this technique in a study of the effects of growth media on the composition of the cell wall of B. subtilis. A reconstruction of the mass spectra for comparing the two techniques applied to the same bacterium (different strains) is shown in Fig. 6 . Although the two spectra have a number of intensity peaks or clusters of peaks in common (e.g., mle 56, 71, 83, 96), they differ significantly in the observed mass range and relative intensities. Mass fragments above 140 mle observed in particle analysis were not detected in Curie-point pyrolysis. The ability of the particle beam technique to obtain information in the higher mass range is likely to be due to more rapid heating of the sample (11) , =30 ,us versus 100 ms. Also, the placement of the filament within the ionization source eliminates the losses of pyrolysis products incurred by molecular diffusion to the ionization region (14) . The vaporization of single particles in the ion source itself, maintained at a background pressure of torr, minimizes the secondary fragmentation by collision of the pyrolyzates in the vapor phase. A final distinction between the two techniques is that in Curie-point pyrolysis, ion intensities at each mle are accumulated over the whole sample pyrolysis event; in the particle beam technique, these ion intensities represent averages for a distribution over more than 1,000 separate events.
Usually, compounds are differentiated in MS by examining the spectra for the presence or absence of unique ionized fragments. For example, in our results of Fig. 4 , the mle 134 peak may be useful for distinguishing P. putida from bacilli. This distinction between the two spectra could be related to differences in the composition of the bacterial cell walls; bacilli are gram-positive bacteria and P. putida is gram negative (7) .
It is more likely, however, that differentiation of bacteria from complex mass spectra requires analysis of peak intensity variations in addition to the usual criteria of presence or absence of unique mass fragments. Both the particle beam volatilization method and the Curie-point pyrolysis method yield insufficient molecular fragments that are unique to a specific bacterium. Kistemaker et al. (14) , using the Curiepoint pyrolysis method, were able to differentiate among 12 Streptococcus strains by analyzing the degree of correspondence of peak intensities. The characteristic degree of correspondence was 0.80 or more for most replicate cultures, and strain differentiation was readily achieved when the degree of correspondence between different strains was in the range of 0.55 to 0.70. In our work, the comparable analysis is made for a much smaller data set-triplicate cultures of B. cereus and one culture each of B. subtilis and B. putida. The degree of correspondence between the spectrum of P. putida and one of the B. cereus reference spectra (0.64) was different enough from the characteristic value (0.70 to 0.77 from pair comparisons of B. cereus spectra) to suggest that P. putida would be differentiated when compared with a larger file of reference spectra.
We conclude that particle beam MS presents a new opportunity for developing a rapid automated method of microorganism identification. Its most significant advantage is the ability to generate spectra in a mass range that encompasses the molecular size of the basic biological monomers (e.g., amino acid residues). The replacement of the quadrupole MS by a highly sensitive focal plane mass I spectrograph (1) in this system will further increase the accessible mass range to 28 to 500 amu. Such a system is being developed in our laboratory. This addition, plus more advanced statistical techniques for comparing spectrum intensity differences (21) , should lead to a powerful new method of microorganism identification.
